In this paper, the nuclear structure of ground-state bands of even-even [104][105][106][107][108][109][110][111][112][113][114][115][116][117][118][119][120][121][122] Cd isotopes has been reviewed under the framework of interacting boson model-1 (IBM-1). The theoretical energy levels for Z = 48, even N = 56-74 up to 8 + state have been obtained by using the PHINT computer program. The values of the parameters in the IBM-1 Hamiltonian yield the best fit to the experimental energy spectrum. The results are compared with the most recent experimental values where an acceptable degree of agreement is achieved. In this paper, the properties of even [104][105][106][107][108][109][110][111][112][113][114][115][116][117][118][119][120][121][122] Cd isotopes have been considered to the U(5)~SO(6) transitional region of the IBM-1.
Introduction
Atomic nuclei are known to exhibit changes of their energy levels and electromagnetic transition rates among them when the numbers of protons (or neutrons) are modified, resulting in the shape transition from one kind of collective behavior to another [1] [2] [3] . The even-mass cadmium isotopes have been extensively investigated both theoretically and experimentally in recent years with special emphasis on interpreting experimental data via collective models [4] . The collective character in medium-mass nuclei has been successfully described by Arima and Lachello using the interacting boson model-1 (IBM-1) [5] . There is no distinction of IBM-1 for proton and neutron degree of freedom. Recently, many researches on the structure of electromagnetic transition properties and energy levels of doubly even Cd isotopes have been investigated [6] [7] [8] [9] [10] . Cadmium isotopes are good examples of quadrupole vibration nuclei [7, [11] [12] [13] . However, during the last few years, new experimental data and calculations have led to a modified picture on these nuclei. These descriptions with particular emphasis on describing the experimental data via collective models suggest these nuclei to be soft with regard to the γ deformation with an almost maximum effectivity trivially of γ = 30° [14] . The even-even cadmium isotopes are part of an interesting region near the closed proton shell at Z = 50, while the number of neutrons in the open shell is larger, as such these nuclei have been commonly considered to exhibit vibration-like properties [4] . Longi et al. described the low-lying levels and highspin states in 116, 118, 120 Cd the framework of interacting boson model [14] . Morrison and Smith described four separate constant boson interactions to explain the structure of [108] [109] [110] [111] [112] [113] [114] [115] [116] Cd for states with L up to six [15, 16] . Using in-beam and off-beam γ-ray and conversion electron spectroscopy, the low-lying (low-spin) collective states in even-even [106] [107] [108] [109] [110] [111] [112] Cd and 116 Cd were investigated [17] . Octupole excitations in vibration nuclei with mass between 98 and 150 were studied by Pignanelli et al. and Kathryn et al. [18, 19] using the interacting boson model. Recently, we have investigated the energy level of eveneven [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] Cd isotopes under the framework of IBM-1 [20, 21] . Electromagnetic reduced transition properties of the ground-state band of even [102] [103] [104] [105] [106] Pd and [104] [105] [106] [107] [108] [109] [110] [111] [112] Cd isotopes were studied by means of IBM-1 [22, 23] . At present, the review on interacting boson model is used to predict the ground-state energy bands up to 8 + in doubly even isotopes [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] Cd and to compare them with experimental results. Furthermore, even [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] Cd isotopes in U(5)-O(6) transitional symmetry would be investigated and studied systematically, as well as the
ð Þ ratios of those nuclei in the ground-state band.
Energy levels
The IBM-1 provides theoretical level energies while including anharmonicities from residual interactions. The vibrational model uses a geometric approach, the IBM employs a severely truncated model space, and as such, calculations are possible for nuclei with N nucleons, providing a quantitative mechanism to compare experimental results and calculated values [21] . In the first approximation of IBM-1, only pairs with angular momentum L = 0 (called S bosons) and L = 2 (called d bosons) are considered [24] . The energy levels are calculated using the computer program PHINT [25] .
The Hamiltonian of the IBM-1 [26] is given as
where ε is the intrinsic boson energy and V ij is the interaction between bosons i and j. The multipole form of the Hamiltonian [6] is given as
Then d operator gives the number of d boson, p is the pairing operator for the S and d bosons, J is the angular momentum operator, Q is the quadrupole operator, and T 3 and T 4 are the octupole and hexadecapole operators, respectively. And the interaction parameters in the PHINT program are given below: The Hamiltonian as given in Equation 2 tends to reduce to three limits, the vibration U(5), γ-soft O(6), and the rotational SU(3) nuclei, starting with the unitary group U(6) and finishing with group O(2) [27] . In the U (5) limit, the effective parameter is ε; in the γ-soft limit O(6), the effective parameter is the pairing a 0 ; and in the SU(3) limit, the effective parameter is the quadrupole a 2 .
The eigenvalues for the three limits are given as follows [28] :
, and K 5 are other forms of strength parameters. Many nuclei have a transition property between two or three of the above limits, and their eigenvalues for the yrast line are given [28] by the following: 
Results and discussion

Boson numbers
A simple correlation exists between the nuclei showing identical spectra and their valence neutron proton (N p ) and neutron number (N n ). The identification of such a correlation scheme provided the clue to understand the identical band phenomena. It is natural to assume that the nuclei with equal total boson number N b = N p + N n should have the same deformation and identical spectra. The number of valance proton N p and neutron N n has a total N = (N p + N n )/2 = n π + n v bosons. The boson number and calculated parameters (in keV) for [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] Cd eveneven isotopes are presented in Table 1 . Experimental and IBM-1 calculations of ground-state energy band (in keV) for [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] Cd are presented in Table 2 .
The R 4/2 classification
Collective dynamics of energies in even-even nuclei are grouped into classes; within each class, the ratio of excitation energies of the first 4 + and the first 2 + excited states is
an axially symmetric rotor should have E 4
ð Þ values as a function of even neutron numbers of cadmium isotopes for experimental values, IBM-I, U(5), O(6), and SU(3) limits are presented in Figure 1 . We identify U(5)-O(6) transitional symmetry in even-even nuclei with atomic number Z = 48 and even neutron number N = 56-74, and most of them are near the U(5) symmetry.
In Figure 2 , we present energies of the yrast sequences of ground-state band using IBM-1 (normalized to the energy of their respective 2 þ 1 levels) in these nuclei and have compared them with previous experimental values [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] 
ð Þ in the groundstate band (a usually adopted measure of nuclear collectivity) as a function of even neutron number N = 56-74. From Figures 1 and 2 , we can see that the IBM-1 calculation fits the U(5)-O(6) predictions generally. However, we find that the R L values are consistently smaller in the IBM calculations than in the experimental values.
In order to achieve the low-lying energy levels of Cd isotopes in the mass region A = 104-122 by IBM-1, it is important to specify the shape symmetry of a nucleus, which can be predicted from the energy ratio R ¼ E4 [20, 21] . Each nucleus at the evolving states is determined using Equation3. Table 1 shows the values of these parameters that were used to calculate the energy of the yrast states for the isotopes Z = 48 and N = 66-76 under this study. The energy level fits with IBM-1 are presented in Table 2 . During the calculation, PHINT code [25] was used and we made a comparison with experimental levels [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The agreement between the calculated theory and experiment is excellent and reproduced well. The values of the first excited state E2 
Conclusions
We have reviewed the ground-state energy band for even-even Cd nuclei were obtained by the best fitted values of the parameters in the Hamiltonian of the IBM-1. The validity of the presented parameters in IBM-1 formulations has been investigated, and it is seen that there is an existence of a satisfactory agreement between IBM-1 results and previous experimental data [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . We have concluded that the general characteristics of the Cd isotopes are well accounted in this review, and the idea of shape coexistence in this region is supported. It is established that the framework of interacting boson approximations showed that the Cd isotopes under study are considered as vibration nuclei and close to the U(5)~SO(6) transitional region of IBM-1.
